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Recent ultrastructural studies revealed that a structure similar to the vertebrate nuclear
lamina exists in the nuclei of higher plants. However, plant genomes lack genes for lamins
and intermediate-type filament proteins, and this suggests that plant-specific nuclear
coiled-coil proteins make up the lamina-like structure in plants. NMCP1 is a protein, first
identified in Daucus carota cells, that localizes exclusively to the nuclear periphery in
interphase cells. It has a tripartite structure comprised of head, rod, and tail domains, and
includes putative nuclear localization signal (NLS) motifs. We identified the functional NLS
of DcNMCP1 (carrot NMCP1) and determined the protein regions required for localizing
to the nuclear periphery using EGFP-fused constructs transiently expressed in Apium
graveolens epidermal cells. Transcription was driven under a CaMV35S promoter, and the
genes were introduced into the epidermal cells by a DNA-coated microprojectile delivery
system. Of the NLS motifs, KRRRK and RRHK in the tail domain were highly functional
for nuclear localization. Addition of the N-terminal 141 amino acids from DcNMCP1
shifted the localization of a region including these NLSs from the entire nucleus to
the nuclear periphery. Using this same construct, the replacement of amino acids in
RRHK or its preceding sequence, YNL, with alanine residues abolished localization to the
nuclear periphery, while replacement of KRRRK did not affect localization. The sequence
R/Q/HYNLRR/H, including YNL and the first part of the sequence of RRHK, is evolutionarily
conserved in a subclass of NMCP1 sequences from many plant species. These results
show that NMCP1 localizes to the nuclear periphery by a combined action of a sequence
composed of R/Q/HYNLRR/H, NLS, and the N-terminal region including the head and a
portion of the rod domain, suggesting that more than one binding site is implicated in
localization of NMCP1.
Keywords: NMCP1, nuclear localization signal (NLS), nuclear envelope, Daucus carota, lamin, GFP-fusion protein,
site-directed mutation
INTRODUCTION
The nuclear envelope (NE) is a structure that lies between the
nucleoplasm and cytoplasm. Inmetazoans, the NE is composed of
the inner nuclear membranes, outer nuclear membranes, nuclear
pore complex (NPC), and nuclear lamina. The nuclear lamina
is a proteinaceous meshwork composed mainly of the type V
intermediate filament proteins, the nuclear lamins, which line
the inner surface of the nuclear membranes. In addition to their
role in diffusing local mechanical stress on the NE, lamins are
involved in many aspects of nuclear function (Gruenbaum et al.,
2003, 2005; Dahl et al., 2004; Starr and Fischer, 2005; Dechat
et al., 2010). Defects in lamins lead to abnormal nuclear mor-
phology and, in humans, cause physiological disease resulting
in developmental disorders and premature aging (Broers et al.,
2006).
Lamin genes can be identified in all metazoans, and it is con-
ceivable that the ancestral gene has been retained in the animal
kingdom with evolution (Dechat et al., 2010). Lamins have not
been identified in lower eukaryotes (Goldman et al., 2002; Melcer
et al., 2007). Likewise, complete sequencing of several plant
genomes and systematic analyses of coiled-coil proteins, includ-
ing theoretical translation products, have revealed that plants lack
genes for lamin and its relatives (Mewes et al., 1998; Rose et al.,
2004; Meier, 2007). In higher plants, electron micrographs of
cells from which the NE membranes and chromatin have been
removed manifest an electron-dense structure at the periphery of
residual nuclei (Moreno Díaz de la Espina et al., 1991; Masuda
et al., 1993). This structure possesses similar traits to the lamina
in terms of resistance to chemical extraction (Moreno Díaz de la
Espina et al., 1991; Ciska et al., 2013). Recently, using a field emis-
sion scanning electron microscope, observations of a filamentous
lattice attached to the inner nuclear membrane and a nonrandom
array of the NPC suggested anchoring to the filamentous archi-
tecture in BY-2 cells (Fiserova et al., 2009). The lattice was named
a plamina, representing the plant lamina (Fiserova et al., 2009;
Fiserova and Goldberg, 2010).
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NMCP1, a plant protein originally identified in Daucus carota
cells (Masuda et al., 1997), localizes exclusively at the nuclear
periphery. Like lamins, it has a tripartite structure composed of
central coiled-coils (rod domain) and nonhelical terminal regions
(head and tail domains) having theoretical NLS (nuclear localiza-
tion signal) motifs. NMCP1 homologues have been characterized
in such plants as Arabidopsis thaliana, Oryza sativa, and Allium
cepa (Moriguchi et al., 2005; Dittmer et al., 2007; Ciska et al.,
2013). A. graveolens NMCP1 and 2 (AgNMCP1 and AgNMCP2)
localize at the nuclear periphery in interphase cells but lose their
integration during mitosis (Kimura et al., 2010). They dissoci-
ate almost simultaneously at prometaphase with NE breakdown.
Then, type 1 AgNMCP becomes distributed around the mitotic
spindles and accumulates on the surface of segregating chromo-
somes, while type 2 becomes distributed in the mitotic cytoplasm
and accumulates at the periphery of decondensing chromosomes
after segregation has been completed (Kimura et al., 2010). There
are four DcNMCP1-homologues, LINC1 through LINC4, in
Arabidopsis, and a double mutant of LINC1 and 2 produce small
plants with small nuclei (Dittmer et al., 2007). LINC1 through
LINC3 and LINC4 are grouped into two different families con-
taining type 1 NMCP and type 2 NMCP, respectively (Ciska et al.,
2013). LINC1 and LINC4 play predominant roles in the mainte-
nance of nuclear morphology in leaf and root epidermal cells of
Arabidopsis (Sakamoto and Takagi, 2013).
De novo synthesized NMCP1/LINC1 localizes at the nuclear
periphery (Moriguchi et al., 2005; Dittmer et al., 2007); however,
the mechanism of localization is not clear. Lamins A and B target
the NEmembrane with the aid of isoprenylation of their carboxy-
terminal sequences (Holtz et al., 1989; Kitten and Nigg, 1991),
and interact more stably with integral NE proteins such as LBR
(lamin B receptor) and LAP1 and 2 (lamin-associated proteins 1
and 2) (Worman et al., 1988; Foisner and Gerace, 1993). Still, no
motif that specifies isoprenylation has been found in the NMCP
members. The amino-terminal region of human LBR fused with
green fluorescent protein (GFP) is targeted to the NE in BY2 cells
ectopically expressing the protein (Irons et al., 2003; Graumann
et al., 2007), though the target recognized by that portion of LBR
remains to be identified. Sad1-UNC-84 homologous (SUN) pro-
teins that reside at the inner nuclear membrane interact with
the lamina at its N-terminal region (Tapley and Starr, 2012).
SUN proteins associate with Klarsicht, ANC-1, Syne Homology
(KASH) proteins to form a bridge from the karyoskeleton to the
cytoskeleton (Starr and Fischer, 2005). A. thaliana SUN-domain
proteins (AtSUNs) contain an evolutionarily conserved trans-
membrane domain at the C-terminal region and localize at the
inner nuclear membrane (Graumann et al., 2010). They associate
with AtWIPs (plant-specific proteins with KASH functions) and
have been suggested to link to LINC1 and LINC2 (Zhou et al.,
2012). AtSUNs are reported to control the morphology and posi-
tion of the nucleus (Oda and Fukuda, 2011). Myosin XI-i residing
on the outer nuclear membrane links to the cytoskeleton and
interacts with AtWIPs, and their linkage controls nuclear move-
ment and shape in Arabidopsis (Tamura et al., 2013). AtSUN-YFP
expressed in stably transformed BY-2 cells have been used as
markers for investigating the dynamics of the post-breakdownNE
membranes (Graumann and Evans, 2011), and to examine the
applicability of the endoplasmic reticulum (ER) retention model
(Anderson et al., 2009; Guttinger et al., 2009) to plant systems
(Graumann and Evans, 2011).
Localization of NMCP1may be caused by anchoring to the NE
and/or peripheral chromatin. It is conceivable that localization is
closely associated with the function of NMCP1, and defining pro-
tein regions responsible for localization is a practical approach
to elucidating their functions. In this study, using enhanced GFP
(EGFP) fused with a partial sequence from DcNMCP1, and
employing an efficient plant system to detect the expressed fusion
proteins, we determined the functional NLS and deduced the
protein regions responsible for localization of DcNMCP1 to the
nuclear periphery.
RESULTS
FUNCTIONAL NLSs OF DcNMCP1
Transiently expressed EGFP-fused full-length DcNMCP1
(DcNMCP1-E) showed clear fluorescence at the nuclear periph-
ery (Figure 1B). EGFP fused with GST showed a high level of
fluorescence in the cytoplasm (Figure 1I). Frequently, fluores-
cence of GST-EGFP was intense around the nucleus, perhaps due
to stacked ER membranes and a dense cytoplasm.
In DcNMCP1, five SV-40 large T-antigen type NLS motifs
(called classical NLSs) were identified at amino acids 908–
914, 917–920, 1004–1008 (motifs at 1004–1007 and 1005–1008
overlapped), and 1023–1026 (Figure 1A), provisionally named
NLSm1, NLSm2, NLSm3, and NLSm4, respectively (Figure 1A).
Another NLS motif consisting of two short stretches of basic
residues separated by a short spacer (bipartite NLS) was identified
at amino acids 197–213 and 906–922; they were named NLSb1
and NLSb2. NLSb1 was found in the rod domain, while other
NLSs resided in the tail domain.
The construct containing all of the NLS motifs localized exclu-
sively to the nucleus (Figures 1B,C). The region including only
NLSb1 did not show appreciable localizing activity (Figure 1D),
and the region including all of the NLS motifs except NLSb1
(RT609−1164-E) localized to the nucleus (Figure 1E). The dele-
tion construct RT609−958-E, which contained NLSm1, NLSm2,
and NLSb2, showed considerable fluorescence in the cytoplasm
and very weak localization to the nucleus (Figure 1F). A region
including NLSm3 and NLSm4 (T975−1053-E) exclusively localized
to the nucleus, and no appreciable fluorescence was detected in
the cytoplasm (Figure 1H). It showed a distribution pattern sim-
ilar to that of the construct containing all classical NLS motifs
(compare Figures 1E,G,H). Thus, the nuclear localizing activity
of DcNMCP1 was attributable to NLSm3 and NLSm4. NLS m1
and NLSm2 were only weakly active and the bipartite-type NLS
motifs were inactive.
LIMITED REGIONS ARE REQUIRED FOR LOCALIZATION TO THE
NUCLEAR PERIPHERY
Fusions having the N-terminal region (amino acids 1–738)
of DcNMCP1 combined with a portion of the tail domain
that includes functional NLSs (amino acids 975–1053) local-
ized to the nuclear periphery (Figure 2A). Deletion of the 111
C-terminal residues of DcNMCP1, which contain an evolu-
tionarily conserved 11 amino acid sequence at the C-terminus,
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FIGURE 1 | The region of DcNMCP1 that functions to localize to the
nucleus includes two NLS motifs. (A) Position of the putative NLS
motifs in DcNMCP1. The SV-40 large T-antigen type and bipartite type
NLS motifs are indicated by red and black vertical bars, respectively. The
head (amino acids 1–58), rod (amino acids 59–69), and tail (amino acids
692–1164) domains are represented by different colors. Localization of the
full length (B) and deletion constructs of DcNMCP1 (C–I) fused with
EGFP were expressed in A. graveolens epidermal cells. Constructs are
schematically represented on the left of each micrograph. Thin rods
indicate the deleted region. Captured fluorescence microscopy images
were processed based on the 2D blind deconvolution algorithm.
Bars = 10µm.
did not affect localization. The construct with the 141
N-terminal residues deleted, RT142−1164-E, failed to localize
to the nuclear periphery (see Figure 1C). The effect of dele-
tion was brought about by eliminating only the N-terminal 51
residues (HR52−738T975−1053-E) (Figures 2B,E), but the addition
of the N-terminal 58 residues to the sequence at 975–1053
(HR1−58T975−1053-E) did not restore localization (Figure 2C).
Addition of a longer region (amino acids 1–141) to the
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FIGURE 2 | The N-terminal region is required for the DcNMCP1 to
localize to the nuclear periphery. Identification of the region required for
localization to the nuclear periphery (A–D). Constructs of fusions are
schematically represented in the left of micrographs. The micrographs show
EGFP-fluorescence of A. graveolens cells expressing fusion proteins, and the
fluorescence intensity distribution along the lines indicated in (B) and (D) are
represented in (E) and (F). The fluorescence intensity was analyzed using
ImageJ 1.46r software (http://rsbweb.nih.gov/ij/index.html). (G) Sequence
similarity of the N-terminal regions between NMCP1 and NMCP2. (H) Effect
of replacement of the first 141 amino acids in HR1−141T975−1053-E by the
amino acids 1–150 region of DcNMCP2 on localization to the nuclear
periphery. Bars = 5µm.
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sequence of amino acids 975–1053 permitted localization to
the nuclear periphery (Figures 2D,F), similarly to the addition
of amino acids 1–738 (Figure 2A). Localization of expressed
HR1−141T975−1053-E to the nuclear periphery was examined
in stably transformed BY-2 cells. Extensive fluorescence of
expressed HR1−141T975−1053-E was found at the nuclear periph-
ery, although slight distribution in the nucleoplasm was also
detected (Figure 3).
Expression of EGFP-fused full-length DcNMCP1 was scarcely
detectable in A. cepa epidermal tissue. A deletion construct,
HR1−58T975−1053-E, however, showed a similar localization pat-
tern to that in A. graveolens cells (Figure 4). The discrepancy may
be attributable to the difference in nuclear size and/or expression
activity between the two recipient cell systems.
The regions between amino acids 60–160 of DcNMCP1
and 59–159 of DcNMCP2 show significant sequence similarity
(Figure 2G). Accordingly, the N-terminal region of DcNMCP1
was replaced with the corresponding NMCP2 region in order
to compare the effect of the head domain on localization to the
nuclear periphery. Unexpectedly, the chimeric construct contain-
ing amino acids 1–150 from DcNMCP2 fused with amino acids
975–1053 of DcNMCP1 did not localize to the nuclear periphery
(Figure 2H).
THE CONSERVED SEQUENCE R/Q/HYNLRR/H FUNCTIONS IN
LOCALIZATION TO THE NUCLEAR PERIPHERY
Alignment of amino acids 975–1053 of DcNMCP1 with cor-
responding regions from plant homologues indicated that
these regions contain an evolutionarily conserved sequence,
R/QYNLRR/H (R, arginine; Q, glutamine; Y, tyrosine; N,
asparagine; L, leucine; H, histidine) at amino acid positions
1020–1025 in DcNMCP1 (Figure 5A). The last two amino acids,
RR, frequently overlap with NLSm4. In other cases, the NLS
motif was found less than 20 amino acids from the beginning
of the sequence R/Q/HYNLRR/H (Figure 5A). NMCP1 homo-
logues deduced from moss (Physcomitrella patens) hypothetical
genes lack this motif (Figures 5B,C).
The NLS activity of NLSm3 and NLSm4, and the function
of the RYNLRR sequence for localization to the nuclear periph-
ery were then examined by site-directed mutagenesis of amino
acid residues. Amino acid replacement with A (alanine) in either
NLSm3 or NLSm4 in T908–1053-E (Figure 6A) did not affect
the nuclear localization of the fusion proteins (Figures 6D,E),
whereas replacement in both NLSs negated nuclear localization
ability (Figure 6F), indicating that both NLSm3 and NLSm4 act
as the NLS.
When the N-terminal 141 amino acids from DcNMCP1 were
added to T908–1053 (Figure 6B), localization wasmodified, lead-
ing to accumulation at the nuclear periphery (Figures 6C,G).
Amino acid replacement of NLSm3 in this construct with A
did not affect localization to the nuclear periphery (Figure 6H),
whereas the replacement of NLSm4 by A abolished localization to
the nuclear periphery (Figure 6I); localization in the nucleus was
unaffected by this manipulation. Moreover, the replacement of
YNL (amino acids 1020–1022), immediately preceding NLSm4,
with A also abolished localization to the nuclear periphery
(Figure 6J).
Proteins that lost the ability to localize to the nuclear periphery
frequently emitted fluorescence as large foci in the nucleoplasm
(Figures 6I,J). These artificial foci were found only when con-
structs included the N-terminal region of DcNMCP1, indicating
that the functional loss of the R/QYNLRR sequence causes irrele-
vant association of the N-terminal region.
DISCUSSION
As elucidated in this work, expressed DcNMCP1 localizes to the
nuclear periphery by coordinate action of an N-terminal region,
the NLS, and an NLS-linked hexapeptide sequence motif. Two
NLS motifs in the tail domain are involved in translocation
into the nucleus, and the hexapeptide R/QYNLRR/H, linked to
the functional NLS, has a unique role in allowing incorporated
DcNMCP1 to localize to the nuclear periphery in coordination
with the action of the N-terminal region.
This hexapeptide motif is found in NMCP1 across a wide
range of plant species, and includes the consensus sequence
RYNLR (Ciska et al., 2013), though variants such as A. thaliana
LINC3 (NM_105552) and homologues deduced from P. patens
hypothetical genes lack this motif; LINC3 includes a similar
sequence RYQLR. On the other hand, AgNMCP2 (NMCP2 of
A. graveolens) localizes to the nuclear periphery of interphase
cells, despite lacking the R/Q/HYNLRR/H sequence. A. grave-
olens NMCP2 is distributed in the mitotic cytoplasm after NE
breakdown and accumulates at the nuclear periphery after the
assembly of NMCP1 (Kimura et al., 2010); accumulation of
AgNMCP2 occurs during the end of cell division and appears
to continue after the cell plate is formed. Its dynamics show
a clear difference from that of AgNMCP1. Thus, the NMCP
family can be divided into three classes. NMCP1 members are
divided into two classes, based on whether or not it carries
the motif R/QYNLRR/H. The third class includes AgNMCP2
and its homologues, which are phylogenetically distant from
the other two classes. These variations imply that NMCP is
a rapidly growing family that participates in diverse nuclear
processes.
Of the predicted NLS motifs in DcNMCP1, only two SV-40
large T-antigen type NLSs were highly functional. One appears
to be implicated in localization to the nuclear periphery; the
sequence YNLR in DcNMCP1 overlaps with a functional NLS,
RRHK. YNLR-carrying NMCP1 in monocots and some dicots
lacks an NLS motif at the overlapping position, though in these
plants, the NLS motif is necessarily found at a short distance
(∼16 amino acids) from the beginning of the consensus sequence,
R/Q/HYNLRR/H. The short distance between R/Q/HYNLRR/H
and the NLS suggests their close association is required for
localization to the nuclear periphery.
When connected to the 141 N-terminal amino acids from
DcNMCP1, the tail domain derived from DcNMCP1 localizes
to the nuclear periphery. The N-terminal region is likely to con-
trol coiled-coil dimerization and enable association with existing
architecture at the nuclear periphery. Algorithmic prediction
indicated that the coiled coil begins 12 amino acids before the
beginning of the consensus sequence, MGLLL at amino acids
72–76, and hence, the N-terminal 141 amino acid region of
DcNMCP1 forms dimers through short coiled coils. Accordingly,
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FIGURE 3 | HR1−141T908−1053-E expressed in BY-2 cells localizes to
the nuclear periphery. BY-2 cells were transformed by an
Agrobacterium-mediated transformation method, using a binary vector
pBI121. EGFP-fluorescence from HR1−141T908−−1053-E (A) and EGFP
(C), were examined under a confocal laser scanning microscope.
(B) and (D) show corresponding DIC images.
FIGURE 4 | Transiently expressed HR1-141T908–1053-E localizes to the
nuclear periphery in Allium cepa epidermal cells. Vectors including genes
for HR1-141T908–1053-E (A), T908–1053-E (B) and EGFP (C) were
introduced into the epidermal tissue by a DNA-coated microprojectile delivery
system. Constructs of fusions are schematically represented in the left of
micrographs.
elimination of the first 51 amino acids and/or the following amino
acids 52–141 from DcNMCP1 is presumed to lead to impeded
dimerization or subsequent organization. The crucial role of the
head domain in lamins for polymerization has been shown in
in vitro experiments using recombinant proteins; dimers made of
wild-type lamin B2 associate longitudinally to form polar head-
to-tail polymers (Strelkov et al., 2004), whereas headless chicken
lamin B2 dimers lose the propensity to form the polar associa-
tion (Heitlinger et al., 1992; Stuurman et al., 1998; Isobe et al.,
2007). In contrast, tailless lamins are able to polymerize lon-
gitudinally by polar head-to-tail association (Heitlinger et al.,
1992).
The number of amino acids that form the rod domains is
nearly constant in NMCPs from various plants, implying that
they are organized into a highly ordered, stable structure through
lateral association in vivo. The region including the first 141
amino acids of DcNMCP1 functions in localization to the nuclear
periphery, suggesting that the rod domain in the full-length pro-
tein is dispensable for localization. Nevertheless, the stability of
the lateral association of NMCP1 and association with the NE
must be critical for building the peripheral architecture. It is
necessary to examine whether constructs lacking a major part
of the rod domain can reside stably at the nuclear periphery,
and whether the conformational distance between the N-terminal
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FIGURE 5 | A region required for localization to the nuclear periphery
includes the conserved amino acid sequence R/Q/HYNLRR/H. (A)
Alignment of a region including functional NLSs of DcNMCP1 and the
corresponding sequence of homologous proteins from other plants. (B,C)
Alignment of regions from DcNMCP1 and NMCP1-like proteins deduced
from Physcomitrella patens hypothetical genes. These homologues include
the consensus MGLLL and a carboxy-terminal amino acid sequences but
lack the sequence motif R/Q/HYNLRR/H. NLS motifs are indicated by red
characters (NLSm3 and NLSm4 are indicated by yellow boxes). Plant
species: Dc1 (NMCP1) and Dc3 (NMCP3) (Daucus carota), Ag (Apium
graveolens), Cs (Cucumis sativus), At1 (LINC1) and At2 (LINC2)
(Arabidopsis thaliana), Rc1 and Rc2 (Ricinus communis), Gm1 and Gm2
(Glycine max), Lj (Lotus japonicus), Jc (Jatropha curcas), Ca (Cicer
arietinum), Cas (Camelina sativa), Sl (Solanum lycopersicum), Pt (Populus
trichocarpa), Vv1 and Vv2 (Vitis vinifera), Os (Oryza sativa), Bd
(Brachypodium distachyon), Ta (Triticum aestivum), Ac (Allium cepa), Pp1
and Pp2 (Physcomitrella patens). Accession numbers and other tags of the
sequences are listed in Supplemental table S3.
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FIGURE 6 | Replacement of amino acids in YNL and/or RRHK with
(A) cancels localization of a DcNMCP1-derived protein region to the
nuclear periphery. Effects of amino acid replacements were
examined, using constructs with (G–J) or without (C–F) the
N-terminal 141 amino acids (constructs shown in A,B).
Substituted residues in the sequence are indicated by red
characters and original residues are indicated in greenish-blue.
Bars = 10µm.
region and the sequence R/Q/HYNLRR/H is significant for the
stability of localization.
Unexpectedly, the 141 N-terminal amino acid region of
DcNMCP1 cannot be replaced with the corresponding region
of DcNMCP2, though these regions include the top of the rod
domain and share consensus sequences. This result implies that
the N-terminal region of NMCP1 have unique traits. NMCP1 and
2 do differ in accumulation patterns during NE formation, sug-
gesting that they are incorporated into different architectures at
the nuclear periphery, just as filaments made from A-type and
B-type lamins build different structures and differ in organiza-
tion in the lamina (Goldberg et al., 2008). Chimeric DcNMCP1
and 2 might not properly associate with the structural domains
of the nucleus and cause failure in localization to the nuclear
periphery.
Although open mitosis evolved independently in the plant and
animal lineages, they appear to share similar NE dynamics (Rose,
2008). Some aspects of NMCP1 are amazingly similar to lamins,
despite the lack of domains specific for the intermediate-type
filament protein family. It has been pointed out that interme-
diate filament proteins may have evolved during the transition
from a closed to an open mitosis in the animal lineage (Cohen
et al., 2001; Goldman et al., 2002; Taddei et al., 2004). Likewise,
the NMCP gene family may have evolved in the plant lineage
along with the development of open mitosis. It is conceivable
that the structural and functional similarities between NMCPs
and lamins arose convergently during the development of mitotic
systems.
METHODS AND MATERIALS
TRANSIENT GENE EXPRESSION IN APIUM GRAVEOLENS CELLS
For transient gene expression, expression vectors for the EGFP
fusions were affixed to gold particles (#165–2264, Bio-Rad, http://
www.bio-rad.com) and introduced into plant cells from 3 cm
above peeled epidermal tissues at 1100 psi, using a PDS-1000/He
(Bio-Rad) microparticle delivery system.
The expression of full-length DcNMCP1-EGFP was first
examined using epidermal tissues of A. cepa scales; however,
the fluorescence was too weak to evaluate localization. Thus,
we tested tissues from several plant species and selected epi-
dermal tissues from A. graveolens (celery) petioles. The dor-
sal epidermis of outer petioles was peeled with fine for-
ceps after cutting into approximately 5 × 30mm squares. The
peeled epidermis is made up of tissue with single- and par-
tially double-layered cells. The tissue piece was placed, peeled
surface upward, on semi-solid medium containing a half-
strength inorganic salt mixture from Murashige and Skoog
medium for particle bombardment. Transformed tissues were
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incubated for 16 h at 25◦C in the dark. Tests for each expres-
sion vector with different constructs were performed at least three
times.
VECTOR CONSTRUCTION FOR TRANSIENT EXPRESSION
Vectors pJB1414 and pKD0330, which carry the CaMV35S pro-
moter followed by the EGFP-coding sequence and a nopaline
synthase terminator, were used. DNA fragments encoding full
and partial sequence for DcNMCP1 were inserted into the StuI
site between the promoter and the EGFP-coding sequences after
introducing a StuI site by PCR, which generated plasmids express-
ing fusion proteins with C-terminal EGFP. The sequences of the
primers used for PCR are shown in Supplemental tables S1, S2. In
most cases, to ensure the normal conformation of EGFP, reverse
primers were designed to insert a spacer of 3–5 glycine residues
before EGFP.
Expression vectors for a single EGFP-fused protein that
included two discrete regions of DcNMCP1 were made as fol-
lows. A cDNA fragment of a region close to the C-terminus
of DcNMCP1 was extended to include the additional sequence
5′-CCT-3′ at the 5′ end and a repeated 5′-GGTGGA-3′ sequence
at the 3′ end for glycine repeats. The fragment with the exten-
sions was then inserted into the blunt-end StuI restriction site
of pKD0330 to yield EGFP at the C-terminus. A cDNA frag-
ment encoding another DcNMCP1 sequence was then inserted
into the newly formed StuI cutting site before the previous insert.
Similarly, a cDNA fragment encoding the N-terminal region of
DcNMCP2 (Accession number: AB514508) was inserted into the
vectors to express a fusion protein with a partial DcNMCP1-
EGFP sequence.
MICROSCOPY AND IMAGE PROCESSING
Transient gene expression in epidermal tissues from A. grave-
olens petioles and A.cepa scales were examined using an Olympus
BX50 fluorescence microscope (http://www.olympus.co.jp/jp/)
equipped with UPlanApo (100×) and UPlan Fl (40×, 20×)
objectives and DIC optics. Images were captured using a C4742
CCD camera (Hamamatsu Photonics; http://www.hamamatsu.
com/jp/ja/index.html). Autodeblur v 9.1 software (AutoQuant
Imaging; http://www.meyerinst.com/index.htm) was used for 2D
blind deconvolution. Stably transformed BY-2 cells were exam-
ined under a confocal laser scanning microscope (Leica TCS SP5
equipped with HyD detector; http://www.leica-microsystems.
com).
TRANSFORMATION OF BY-2 CELLS WITH HR1−141T908−1053-E
A cDNA fragment for the 141 N-terminal amino acids was
ligated to a region containing NLSm3 and NLSm4 and
terminated with EGFP (HR1−141T908−1053-E) before inser-
tion into a binary vector, pBI121. BY-2 cells were trans-
formed with the vector using an Agrobacterium-mediated
transformation method. BY-2 cells expressing the fusion
protein were then selected on an MS medium supple-
mented with 4µM 2,4-D and 50µg/ml kanamycin, and
then maintained on an MS medium containing 2,4-D with-
out any kanamycin. The cells were suspension-cultured when
needed.
DEFINITION OF DOMAINS
The complete sequence of DcNMCP1 was divided into head
(amino acids 1–58), rod (amino acids 59–691), and tail (amino
acids 692–1164) domains, based on prediction of the coiled-coil
domain using an algorithm developed by Lupas (1997) (http://
www.york.ac.uk/depts/biol/units/coils/mstr2.html). The extent
of the sequence used in the fusion protein was specified with sub-
scripted numbers corresponding to the amino acid numbering in
the full-length protein.
INTRODUCTION OF POINT MUTATIONS
To modify the NLSm3 domain between amino acids 908 and
1053 of DcNMCP1 by addition of alanine residues, mutations
were introduced to the original cDNA sequence by two rounds
of PCR using primers NLS3mt-F and NLS3mt-R (Supplemental
table S2). The plasmid, including the DcNMCP1 cDNA, was used
as a template. The first round of PCR consisted of two sepa-
rate reactions. NLS3mt-F and NM1-GFP-R3 (3′-end primer for
amino acids 908–1053 of DcNMCP1) were used for one PCR
reaction, and NLS3mt-R and NM1-GFP-F3 (5′-end primer for
amino acids 908–1053 of DcNMCP1) were used for the other
PCR reaction. The resulting two products were purified, and an
equimolar-mixed product was used as the template for the second
round of PCR, which used primers NM1-GFP-F3 and NM1-GFP-
R3. The resulting product was inserted into the StuI cleavage
site of pKD0330. Using a similar methodology, amino acids of
NLSm4 (amino acids 1023–1026) and its neighboring sequence
YNL (amino acids 1020–1022) were replaced with A. A muta-
tion in NLSm4 was introduced using the primers NLS4mt-F and
NLS4mt-R, and in YNL using YNLmt-F and YNLmt-R.
SEQUENCE ANALYSES
Comparison of nucleotide or protein sequences to sequences in
databases and calculation of the statistical significance of matches
were carried out using the computer program BLAST from NCBI
(http://blast.ncbi.nlm.nih.gov). The WoLF PSORT server (http://
wolfpsort.org/) was used to identify nuclear transport infor-
mation within the primary sequence of DcNMCP1. Multiple
alignments and a phylogenetic analysis were executed using
ClustalW (http://clustalw.ddbj.nig.ac.jp/top-j.html) or MAFFT
(http://mafft.cbrc.jp) software.
ACKNOWLEDGMENTS
The authors thank Dr. M. Yasui (Hokkaido University) for his
technical advice on confocal laser scanningmicroscopy. This work
was partly supported by a Grant-in-Aid for Scientific Research
from the Japan Society for the Promotion of Science to Kiyoshi
Masuda.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fpls.2014.00062/
abstract
REFERENCES
Anderson, D. J., Vargas, J. D., Hsiao, J. P., and Hetzer, M. W. (2009). Recruitment of
functionally distinct membrane proteins to chromatin mediates nuclear enve-
lope formation in vivo. J. Cell Biol. 186, 183–191. doi: 10.1083/jcb.200901106
www.frontiersin.org February 2014 | Volume 5 | Article 62 | 9
Kimura et al. Localization of NMCP1 to the nuclear periphery
Broers, J. L., Ramaekers, F. C., Bonne, G., Yaou, R. B., and Hutchison,
C. J. (2006). Nuclear lamins: laminopathies and their role in pre-
mature ageing. Physiol. Rev. 86, 967–1008. doi: 10.1152/physrev.00047.
2005
Ciska, M., Masuda, K., and Moreno Diaz de la Espina, S. (2013). Lamin-like ana-
logues in plants: the characterization of NMCP1 in Allium cepa. J. Exp. Bot. 64,
1553–1564. doi: 10.1093/jxb/ert020
Cohen, M., Lee, K. K., Wilson, K. L., and Gruenbaum, Y. (2001). Transcriptional
repression, apoptosis, human disease and the functional evolution of the
nuclear lamina. Trends Biochem. Sci. 26, 41–47. doi: 10.1016/S0968-0004(00)
01727-8
Dahl, K. N., Kahn, S. M., Wilson, K. L., and Discher, D. E. (2004). The nuclear
envelope lamina network has elasticity and a compressibility limit suggestive
of a molecular shock absorber. J. Cell Sci. 117, 4779–4786. doi: 10.1242/jcs.
01357
Dechat, T., Adam, S. A., Taimen, P., Shimi, T., and Goldman, R. D. (2010).
Nuclear lamins. Cold Spring Harb. Perspect. Biol. 2:a000547. doi: 10.1101/csh-
perspect.a000547
Dittmer, T. A., Stacey, N. J., Sugimoto-Shirasu, K., and Richards, E.
J. (2007). LITTLE NUCLEI genes affecting nuclear morphology in
Arabidopsis thaliana. Plant Cell 19, 2793–2803. doi: 10.1105/tpc.107.
053231
Fiserova, J., and Goldberg, M. W. (2010). Relationships at the nuclear envelope:
lamins and nuclear pore complexes in animals and plants. Biochem. Soc. Trans.
38, 829–831. doi: 10.1042/BST0380829
Fiserova, J., Kiseleva, E., and Goldberg, M.W. (2009). Nuclear envelope and nuclear
pore complex structure and organization in tobacco BY-2 cells. Plant J. 59,
243–255. doi: 10.1111/j.1365-313X.2009.03865.x
Foisner, R., and Gerace, L. (1993). Integral membrane proteins of the nuclear
envelope interact with lamins and chromosomes, and binding is modu-
lated by mitotic phosphorylation. Cell 73, 1267–1279. doi: 10.1016/0092-
8674(93)90355-T
Goldberg, M., Harel, A., Brandeis, M., Rechsteiner, T., Richmond, T., Weiss,
A., et al. (1999). The tail domain of Lamin Dm0 binds histones H2A
and H2B. Proc. Natl. Acad. Sci. U.S.A. 96, 2852–2857. doi: 10.1073/pnas.96.
6.2852
Goldberg, M. W., Huttenlauch, I., Hutchison, C. J., and Stick, R. (2008). Filaments
made from A- and B-type lamins differ in structure and organization. J. Cell Sci.
121, 215–225. doi: 10.1242/jcs.022020
Goldman, R. D., Gruenbaum, Y., Moir, R. D., Shumaker, D. K., and Spann, T. P.
(2002). Nuclear lamins: building blocks of nuclear architecture. Genes Dev. 16,
533–547. doi: 10.1101/gad.960502
Graumann, K., and Evans, D. E. (2011). Nuclear envelope dynamics during plant
cell division suggest common mechanisms between kingdoms. Biochem. J. 435,
661–667. doi: 10.1042/BJ20101769
Graumann, K., Irons, S., Runions, J., and Evans, D. (2007). Retention and mobility
of the mammalian lamin B receptor in the plant nuclear envelope. Biol. Cell 99,
553–562. doi: 10.1042/BC20070033
Graumann, K., Runions, J., and Evans, D. E. (2010). Characterization of SUN-
domain proteins at the higher plant nuclear envelope. Plant J. 61, 134–144. doi:
10.1111/j.1365-313X.2009.04038.x
Gruenbaum, Y., Goldman, R. D., Meyuhas, R., Mills, E., Margalit, A., Fridkin, A.,
et al. (2003). The nuclear lamina and its functions in the nucleus. Int. Rev. Cytol.
226, 1–62. doi: 10.1016/S0074-7696(03)01001-5
Gruenbaum, Y., Margalit, A., Goldman, R. D., Shumaker, D. K., and Wilson, K. L.
(2005). The nuclear lamina comes of age. Nat. Rev. Mol. Cell Biol. 6, 21–31. doi:
10.1038/nrm1550
Guttinger, S., Laurell, E., and Kutay, U. (2009). Orchestrating nuclear envelope dis-
assembly and reassembly during mitosis. Nat. Rev. Mol. Cell Biol. 10, 178–191.
doi: 10.1038/nrm2641
Heitlinger, E., Peter, M., Lustig, A., Villiger, W., Nigg, E. A., and Aebi, U.
(1992). The role of the head and tail domain in lamin structure and
assembly Analysis of bacterially expressed chicken Lamin A and trun-
cated B2 lamins. J. Struct. Biol. 108, 74–89. doi: 10.1016/1047-8477(92)
90009-Y
Holtz, D., Tanaka, R. A., Hartwig, J., and McKeon, F. (1989). The CaaX motif
of lamin A functions in conjunction with the nuclear localization signal to
target assembly to the nuclear envelope. Cell 59, 969–977. doi: 10.1016/0092-
8674(89)90753-8
Irons, S. L., Evans, D. E., and Brandizzi, F. (2003). The frst 238 amino acids of the
human lamin B receptor are targeted to the nuclear envelope in plants. J. Exp.
Bot. 54, 943–950. doi: 10.1093/jxb/erg102
Isobe, K., Gohara, R., Ueda, T., Takasaki, Y., and Ando, S. (2007). The last twenty
residues in the head domain of mouse lamin A contain important structural
elements for formation of head-to-tail polymers in vitro. Biosci. Biotechnol.
Biochem. 71, 1252–1259. doi: 10.1271/bbb.60674
Kimura, Y., Kuroda, C., and Masuda, K. (2010). Differential nuclear enve-
lope assembly at the end of mitosis in suspension-cultured Apium
graveolens cells. Chromosoma 119, 195–204. doi: 10.1007/s00412-009-
0248-y
Kitten, G. T., and Nigg, E. A. (1991). The CaaXmotif is required for isoprenylation,
carboxyl methylation, and nuclear membrane association of lamin B2. J. Cell
Biol. 113, 13–23. doi: 10.1083/jcb.113.1.13
Lupas, A. (1997). Predicting coiled-coil regions in proteins. Curr. Opin. Struct. Biol.
7, 388–393. doi: 10.1016/S0959-440X(97)80056-5
Masuda, K., Takahashi, S., Nomura, K., Arimoto, M., and Inoue, M. (1993).
Residual structure and constituent proteins of the peripheral framework of the
cell nucleus in somatic embryos fromDaucus carota L. Planta 191, 532–540. doi:
10.1007/BF00195755
Masuda, K., Xu, Z.-J., Takahashi, S., Ito, A., Ono, M., Nomura, K., et al. (1997).
Peripheral framework of carrot cell nucleus contains a novel protein pre-
dicted to exhibit a long alpha-helical domain. Exp. Cell. Res. 232, 173–181. doi:
10.1006/excr.1997.3531
Meier, I. (2007). Composition of the plant nuclear envelope: theme and variations.
J. Exp. Bot. 58, 27–34. doi: 10.1093/jxb/erl009
Melcer, S., Gruenbaum, Y., and Krohne, G. (2007). Invertebrate lamins. Exp. Cell
Res. 313, 2157–2166. doi: 10.1016/j.yexcr.2007.03.004
Mewes, H. W., Hani, J., Pfeiffer, F., and Frishman, D. (1998). MIPS: a database
for protein sequences and complete genomes. Nucleic Acids Res. 26, 33–37. doi:
10.1093/nar/26.1.33
Moreno Díaz de la Espina, S., Barthelemy, L., and Cerezuela, M. A. (1991).
Isolation and ultrastructural characterization of the residual nuclear matrix
in a plant cell system. Chromosoma 100, 110–117. doi: 10.1007/BF00
418244
Moriguchi, K., Suzuki, T., Ito, Y., Yamazaki, Y., Niwa, Y., and Kurata, N.
(2005). Functional isolation of novel nuclear proteins showing a variety
of subnuclear localizations. Plant Cell 17, 389–403. doi: 10.1105/tpc.104.
028456
Oda, Y., and Fukuda, H. (2011). Dynamics of Arabidopsis SUN proteins during
mitosis and their involvement in nuclear shaping. Plant J. 66, 629–641. doi:
10.1111/j.1365-313X.2011.04523.x
Rose, A. (2008). “Open mitosis: nuclear envelope dynamics,” in Cell Division
Control in Plants, Plant Cell Monographs, Vol. 14, eds D. P. S. Verma and Z.
Hong (Berlin: Springer), 207–230.
Rose, A., Manikantan, S., Schraegle, S. J., Maloy, M., Stahlberg, E. A., and Meier,
I. (2004). Genome-wide identification of Arabidopsis coiled-coil proteins and
establishment of the ARABI-COIL database. Plant Physiol. 134, 927–939. doi:
10.1104/pp.103.035626
Sakamoto, Y., and Takagi, S. (2013). LITTLE NUCLEI 1 and 4 regulate nuclear
morphology in Arabidopsis thaliana. Plant Cell Physiol. 54, 622–633. doi:
10.1093/pcp/pct031
Starr, D. A., and Fischer, J. A. (2005). KASH’n Karry: the KASH domain family
of cargo-specific cytoskeletal adaptor proteins. Bioessays 27, 1136–1146. doi:
10.1002/bies.20312
Strelkov, S. V., Schumacher, J., Burkhard, P., Aebi, U., and Herrmann, H. (2004).
Crystal structure of the human lamin A coil 2B dimer: implications for the
head-to-tail association of nuclear lamins. J. Mol. Biol. 343, 1067–1080. doi:
10.1016/j.jmb.2004.08.093
Stuurman, N., Heins, S., and Aebi, U. (1998). Nuclear lamins: their
structure, assembly, and interactions. J. Struct. Biol. 122, 42–66. doi:
10.1006/jsbi.1998.3987
Taddei, A., Hediger, F., Neumann, F. R., and Gasser, S. M. (2004). The function of
nuclear architecture: a genetic approach. Annu. Rev. Genet. 38, 305–345. doi:
10.1146/annurev.genet.37.110801.142705
Tamura, K., Iwabuchi, K., Fukao, Y., Kondo, M., Okamoto, K., Ueda, H., et al.
(2013). Myosin XI-i links the nuclear membrane to the cytoskeleton to con-
trol nuclear movement and shape in Arabidopsis. Curr. Biol. 23, 1776–1781. doi:
10.1016/j.cub.2013.07.035
Frontiers in Plant Science | Plant Cell Biology February 2014 | Volume 5 | Article 62 | 10
Kimura et al. Localization of NMCP1 to the nuclear periphery
Tapley, E. C., and Starr, D. A. (2012). Connecting the nucleus to the cytoskeleton
by SUN-KASH bridges across the nuclear envelope. Curr. Opin. Cell Biol. doi:
10.1016/j.ceb.2012.10.014
Worman, H. J., Yuan, J., Blobel, G., and Georgatos, S. D. (1988). A lamin B recep-
tor in the nuclear envelope. Proc. Natl. Acad. Sci. U.S.A. 85, 8531–8534. doi:
10.1073/pnas.85.22.8531
Zhou, X., Graumann, K., Evans, D. E., and Meier, I. (2012). Novel plant
SUN-KASH bridges are involved in RanGAP anchoring and nuclear
shape determination. J. Cell Biol. 196, 203–211. doi: 10.1083/jcb.2011
08098
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 06 December 2013; paper pending published: 06 January 2014; accepted: 07
February 2014; published online: 26 February 2014.
Citation: Kimura Y, Fujino K, Ogawa K and Masuda K (2014) Localization of Daucus
carota NMCP1 to the nuclear periphery: the role of the N-terminal region and an
NLS-linked sequence motif, RYNLRR, in the tail domain. Front. Plant Sci. 5:62. doi:
10.3389/fpls.2014.00062
This article was submitted to Plant Cell Biology, a section of the journal Frontiers in
Plant Science.
Copyright © 2014 Kimura, Fujino, Ogawa and Masuda. This is an open-access arti-
cle distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
www.frontiersin.org February 2014 | Volume 5 | Article 62 | 11
